Utilizing phytochemicals in treating inflammation is becoming a viable alternative to pharmacological treatment. We have reported that fermented barley extract (FBE) effectively suppresses oxidative stress in chronically ethanol-fed rats. Here we report that FBE suppressed acute increases in oxidative stress as a response to lipopolysaccharide (LPS)-induced inflammation. Rats supplemented with FBE for 10 d showed decreases in plasma interleukin (IL)-1, IL-6, and tumor necrosis factor-by 25%, 34%, and 35% respectively after LPS challenge. Liver damage was significantly suppressed, as marked by a 44% decrease in plasma alanine aminotransferase. FBE supplementation sustained liver antioxidative enzymes, catalase, glutathione peroxidase, and superoxide dismutase, at transcriptional and enzymatic levels, thus suppressing oxidative stress markers such as plasma nitric oxide and 8-hydroxy-2 0 -deoxyguanosine, by 42% and 23% respectively. We concluded that active compounds in FBE effectively inhibited the propagation of inflammation by suppressing oxidative stress.
Consumption of grains has increased because of their beneficial effects in lowering the risks of cardiovascular disease, ischemic stroke, diabetes, and metabolic syndrome, in addition to gastrointestinal cancer. 1, 2) Grains contain functional dietary fiber, vitamins, minerals, and phytochemicals that are beneficial. Barley, in particular, contains a significant amount of phenolic compounds, which have been shown to be effective for the promotion of health, [3] [4] [5] [6] and fermentation procedures increase the bioavailability and functionality of these phenolic compounds. 7, 8) These compounds also possess antioxidative properties that can potentially protect against the increases in oxidative stress that have been observed to be involved in a number of diseases, especially metabolic syndrome. 2, 9, 10) Chronic inflammation has received particular interest recently, because it has been linked with the progression of numerous diseases ranging from cancer to insulin resistance. One of several transcription factors responsible for immunological and cellular stress and inflammatory response is nuclear factor kappa B (NF-B). Activation of NF-B is essential for host defense, but its chronic and/or excess activation and dysregulation have been found to be involved in several human cancers, 11) atherosclerosis, 12) neurodegenerative diseases, 13) rheumatoid arthritis, 14) asthma, 15) and inflammatory bowel disease. 16 ) NF-B is also activated by a number of stimuli, ranging from bacterial lipopolysaccharide (LPS), double-stranded RNA, inflammatory cytokines, ultraviolet light, reactive oxygen species (ROS), and free saturated fatty acids. Stimulation of NF-B by proinflammatory cytokines and ROS would further propagate and accelerate the inflammatory cycle.
Production of ROS occurs naturally in biological systems and is maintained by an evolutionarily derived antioxidative defense. During pathogenic and immunological responses, acute and extremely high production of these ROS occurs to initiate the destruction of foreign cells and allergens, but uncontrolled and prolonged production of ROS can adversely promote extended and chronic inflammation. Thus increased consumption of naturally occurring antioxidants may help to alleviate and suppress excessive inflammation. Whole-meal barley flour contains the highest concentration of antioxidants among cereals (1.09 mmol/100 g equivalent to vitamin C, FRAP assay), as reported by Halvorsen et al. 17) Furthermore, we have reported that fermented barley extract (FBE) was effective in suppressing oxidative stress in chronic ethanol feeding, 18) whereas another study reported anti-inflammatory action from other fermented products such as brown rice and its bran. 19) In the present study, we found that FBE effectively suppressed LPS-induced inflammation through the maintenance of antioxidative defense.
Materials and Methods
Chemical reagents. Detection kits to assay plasma alanine aminotransferase (ALT), and aspartate aminotransferase (AST) activities were purchased from Wako Pure Chemicals (Osaka, Japan). LPS from Escherichia coli O111:B4 (Cat #L2630-10MG), used throughout the study, was from Sigma (St. Louis, MO). All anti-oxidative enzyme activities, glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD) were determined by assay kits purchased from y To whom correspondence should be addressed. Tel: +81-22-717-8812; Fax: +81-22-717-8813; E-mail: shirakah@biochem.tohoku.ac.jp Abbreviations: 8-OHdG, 8-hydroxy-2 0 -deoxyguanosine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAT, catalase; FBE, fermented barley extract; GPx, glutathione peroxidase; IL, interleukin; LPS, lipopolysaccharide; NF-B, nuclear factor kappa B; NO, nitric oxide; ROS, reactive oxygen species; SOD, superoxide dismutase; TNF, tumor necrosis factor Cayman (Ann Arbor, MI). The plasma nitric oxide (NO) concentration was determined with a commercial NO 2 /NO 3 Assay Kit-C II from Dojindo Laboratories (Kumamoto, Japan). Before measuring the 8-hydroxy-2 0 -deoxyguanosine (8-OHdG) level by enzyme-linked immunosorbent assay (ELISA) (JaICA, Shizuoka, Japan), plasma was filtered using Microcon centrifugal filter units with a 10,000 molecular weight cut-off (Millipore, Billerica, MA) followed by 2-fold dilution. We used a vitamin K-deficient diet for the base diet (TD97053), purchased from Harlan Teklad (Madison, WI), reconstituted with 0.75 mg/kg of phylloquinone (Wako Pure Chemicals).
Fermented barley extract. Fermented barley extract (FBE) was extracted from the lees of barley fermented with rice koji starter (Aspergillus kawauchi) by the method of conventional Japanese brewing. This extraction method involves defatting and screw-pressing to separate the liquid phase from the fermented barley fibers. The extracted liquid was filtered through a ceramic filter (porosity, 0.2 mm) to remove soluble fiber. The filtrate was then stored at 4 C and was used as the test sample (FBE). Analysis of the FBE indicated that it was composed of proteins (17.9%), carbohydrate (25.1%), lipids (0.1%), minerals (2.2%), and total polyphenols (8.5 mg/mL). For this study, FBE was prepared further with the addition of same volume of dextrin into powdered form to ease and improve homogenization.
General procedure (animals). Male Wistar rats, aged 8 weeks and weighing 120-130 g, were purchased from SLC Japan (Shizuoka, Japan). Each group included six rats randomized according to body weight and housed under a constant temperature of 23 C AE 2 C and a 12-h light/dark (0800-2000 light) cycle. Groups were labeled ConÀ (sterilized saline injection), Conþ (LPS injection), and 10% FBE (10% FBE supplementation in the diet and LPS injection). The diet, based on the Teklad TD 97053 custom diet (Table 1) , was freely given to each group supplemented with or without 10% FBE w/w for 10 d. Distilled water was provided for drinking and was replaced daily. After the feeding period, each rat was intraperitoneally injected with 0.5 mg/kg of body weight LPS and fasted for 18 h and then euthanized.
The protocols used in all animal experiments were approved by the Animal Research-Animal Care Committee of the Graduate School of Agricultural Sciences, Tohoku University.
Plasma biochemical markers assay. To determine the final plasma ALT and AST activities and lipid contents, blood was obtained from the rats while they were under diethylether-induced anesthesia by exsanguination via the abdominal aorta. The blood was collected in Na 2 EDTA-prepared tubes, and then centrifuged at 1;870 g for 15 min at 4 C. The plasma was divided into aliquots and stored at À30 C. The plasma concentration of cytokines was measured using an ELISA kit for the detection and quantification of interleukin (IL)-1, IL-6 and tumor necrosis factor (TNF)-(Quantikine ELISA, R&D Systems, Minneapolis, MN) following to the manufacturer's protocol.
Liver antioxidative enzyme activity assay. In previous experiments, we determined that the optimum fasting time after LPS challenge to observe significant liver damage and elevated inflammatory cytokine in rats is 18 h after modification. 20) At euthanization, the livers were quickly excised, blotted, weighed, and promptly frozen in liquid nitrogen. For analysis not carried out on the day, the livers were stored at À70
C. For GPx activity, 0.1 g of liver was homogenized with polytron homogenizer (Polytron, Basel, Switzerland) in 500 mL of cold buffer containing 50 mM Tris-HCl pH 7.5, 5 mM EDTA, and 1 mM DTT on ice. This homogenate was then subjected to centrifugation at 10;000 g for 15 min at 4 C, after which the supernatant was collected and assayed for GPx. To measure liver CAT activity, we used a homogenization protocol similar to that above in cold buffer containing 50 mM potassium phosphate, pH 7.0, and 1 mM EDTA. The homogenate was similarly centrifuged at 10;000 g for 15 min at 4 C, followed by supernatant extraction and assay. To determine liver SOD activity, the liver was homogenized as above in cold 20 mM HEPES-NaOH pH 7.2, 1 mM EGTA, and 70 mM sucrose. The homogenate was centrifuged at 2;000 g for 5 min at 4 C and the supernatant was separated. The supernatant was further centrifuged at 10;000 g for 15 min at 4 C, and then the resulting supernatant was collected and assayed for SOD activity.
RNA preparation and quantitative RT-PCR. Total RNA was isolated from livers that had been stored in RNAlater (Ambion Japan, Tokyo). RNA was extracted by tissue disruption in a guanidine isothiocyanatebased reagent (Isogen, Nippon Gene, Toyama, Japan) with a bead-type homogenizer Micro Smash MS-100 (Tomy Seiko Co., Tokyo) according to the manufacturer's instructions. The integrity of the isolated RNA was examined by agarose gel electrophoresis, and its concentration was determined on the basis of the absorbance values at 260 nm. The cDNA was synthesized from 5 mg of total RNA denatured with oligo-dT/ random primers and 10 mM dNTP (GE Healthcare Biosciences, Tokyo) at 65 C. The denatured RNA was incubated in 50 mM Tris-HCl pH 8.3, 75 mM KCl, 3 mM MgCl 2 , 5 mM DTT, 50 units of Superscript III reverse transcriptase (Invitrogen, Carlsbad, CA), and 20 units of RNase inhibitor RNaseOUT (Invitrogen). The cDNA synthesis protocol was as follows: 25 C for 5 min, followed by 50 C for 60 min and finally 70 C for 15 min using a Takara PCR Thermal cycler MP (Takara Biomedicals, Shiga, Japan). Aliquots of the synthesized cDNA were used as the template for quantitative RT-PCR, which was performed with the ABI 7300 Real Time PCR System (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions. To measure the levels of transcription, the mRNA levels were first normalized to the mRNA level of eukaryotic elongation factor 1-1 (Eef11), and then compared with the mRNA levels of the controls to determine relative expression.
21) The sequences of primers used in each gene expression assay are shown in Table 2 .
Statistical analysis. Values are represented as the mean value with standard error (SE). One-way analysis of variance followed by the Fisher least significant difference (LSD) test was used to evaluate differences between groups, unless otherwise stated. SPSS version 11.0 (SPSS, Chicago, IL) was used for all data computation. Statistical significance was determined at p < 0:05 or lower. Ethical guidelines. We conducted the animal experiments as humanely as possible in accordance with the guidelines for ethical treatment of animals in scientific research approved by the Animal Research-Animal Care Committee of the Graduate School of Agricultural Sciences, Tohoku University (no. 05-08B).
Results

FBE suppressed inflammatory cytokines and NO concentration in plasma
A 10-d feeding duration did not induce significant differences in body weight gain, average daily feed intake, or water intake. For this duration, the average weight increase for rats in groups ConÀ, Conþ and 10% FBE were 37:3 AE 4:6 g, 33:7 AE 4:3 g, and 32:4 AE 4:7 g respectively. The average feed intake for ConÀ, Conþ, and 10% FBE were 9:0 AE 0:28 g, 8:7 AE 0:52 g, and 9:1 AE 0:55 g respectively.
We observed in preliminary experiments that the effective FBE supplementation concentration was 10%, because a lower dose (4%) was ineffective to exert anti-inflammatory effect, and a higher dose resulted in lower dietary intake and diarrhea (data not shown). As observed in Fig. 1A -C, the levels of all plasma inflammatory cytokines were highly elevated in the LPS-challenged groups, but FBE supplementation significantly inhibited excessive expression of these cytokines. It was also observed that the FBE-supplemented group showed significant inhibition in the plasma NO concentration (Fig. 1D) . The reduced plasma concentration of these inflammatory indicators indicates that FBE effectively alleviated LPS-induced inflammation.
FBE alleviated liver injury induced by LPS challenge
One of the first signs of LPS challenge is injury to the liver, because LPS can arrive in hepatic tissue as early as 30 min after treatment. In the present study, we obtained significant repression of LPS-induced liver injury, as marked by a substantial decrease in plasma ALT activity ( Fig. 2A) . Although the plasma AST activity of the FBE-supplemented group did not significantly decrease, indicating other excessive tissue injury (Fig. 2B) , our results indicate that specific liver damage was inhibited by supplementation of FBE.
Supplementation of FBE inhibited overexpression of the NF-B target genes
After we found evidence that FBE exhibits hepatic protective activity, we further investigated the change in gene expression of the liver to elucidate the mechanism of FBE. It was apparent that inflammatory gene expression was suppressed in the livers of the FBEsupplemented rats (Fig. 3A-C) in congruence with the repressed plasma cytokine levels. It was also apparent that other NF-B target genes were transcriptionally inhibited, as indicated by the significant suppression of chemokine (C-C motif) ligand (Ccl2), vascular cell 
Forward primer
Reverse primer
TGACCGACCCCAAGTACATCA AAATGTCGTTGCGGGACAC 1 Eef1a1, eukaryotic elongation factor 11; Il-1, interleukin-1; Il-6, interleukin-6; Tnf-, tumor necrosis factor-; Ccl2, chemokine (C-C motif) ligand 2; Vcam1, vascular cell adhesion molecule 1; Sele, selectin e; Nos2, inducible nitric oxide synthase; Cat, catalase; Sod1, cytosolic superoxide dismutase 1; Gpx1, glutathione peroxidase 1 adhesion molecule 1 (Vcam1), selectin e (Sele), and inducible nitric oxide synthase (Nos2) (Fig. 3D-G) .
FBE supplementation sustained liver and plasma antioxidative defense
Expression of antioxidative genes in the liver of LPSchallenged rats was found to be highly suppressed as a result of NF-B activation and subsequent ROS production. However, it was observed that these antioxidative genes in the livers of the FBE-supplemented rats were alleviated of their otherwise downregulated transcription, as in Conþ (Fig. 4A-C) . This was presumably due to the antioxidative nature of FBE, as previously reported. 18) Furthermore, FBE sustained the liver enzymatic activities of GPx, CAT, and SOD (Fig. 4D-F) , consistent with the improved gene expression. This was further evident in the significantly improved plasma activities of CAT and SOD (Fig. 4G-H) . In addition, the expression of Nos2, which is also highly expressed in the liver in addition to the macrophages, was suppressed after LPS challenge by FBE supplementation (Fig. 3G) , thus inhibiting enhanced plasma NO levels, which may induce and propagate further systemic inflammation (Fig. 1D) . Furthermore plasma 8-OHdG levels, another oxidative marker, were significantly decreased by FBE supplementation (Fig. 4I) . Together, these results suggest that the antioxidative activity of FBE alleviates the propagation of ROS-induced inflammation and organ damage under LPS challenge.
Discussion
Activation of NF-B has been shown to be inhibited by a variety of plant and fruit extracts in numerous studies. Grains, such as barley, contain phytochemicals comparable to those of fruits. In particular, the polyphenols of barley and extracts of fermented barley show potent inhibitory effect of NF-B. This effect is possibly attributable to its antioxidative property. In the present study, we showed that an extract of fermented derivatives of barley, previously reported to inhibit oxidative stress induced by chronic alcohol consumption, 18) prevented liver damage in response to LPS challenge and substantial oxidative stress.
Supplementation of FBE at 10% w/w in the diet of rats for 10 d effectively suppressed the plasma levels of inflammatory cytokines (IL-1, IL-6, and TNF-) after LPS challenge. Furthermore, the plasma NO concentration in the FBE-supplemented rats significantly decreased as compared to an LPS-treated control indicating clear alleviation of the systemic inflammatory response and a decrease in oxidative stress. Suppression of inflammatory cytokines such as IL-6 was observed in the mice supplemented with barley foodstuff. 22) It was also reported that consumption of grain helps to prevent increases in the levels of plasma inflammatory proteins such as C-reactive protein and plasminogen activator inhibitor-1 in a human trial. 23) Our study corroborates these observations because FBE was extracted from whole-grain barley after fermentation. Additionally, it has been reported that fermentation by koji (Aspergillus awamori mut.) in another brewing product yielded beneficial effect in increased antioxidative action due to phenolic acids. 8) Furthermore, it was described that koji fermentation hydrolyzes caffeoylquinic acid and its derivatives to form caffeic acid and quinic acid. 8) Secondary metabolites of some Aspergillus species generated in fermentation have been isolated and shown to be antioxidants. 24) Regardless of the effects of fermentation, FBE as an end product residue should contain an increased concentration of polyphenols as compared to the original barley constituents. Whether such phenolic acids or antioxidants are abundant in FBE or play a major role in its anti-inflammatory action requires further study.
The inflammatory response of NF-B to stimuli such as LPS involves signaling cascades starting with the binding of LPS to TLR4, thus activating Myd88. This in turn initiates phosphorylation of Irak1, Traf6, Tak1, and finally the IKK complex. The activation (phosphorylation) of IKK is critical in the phosphorylation of IB, leading to its proteasomal degradation and the nuclear translocation of NF-B. Activation of NF-B expresses numerous genes categorized as cytokines and growth factors (interleukins and TNF-), adhesion molecules (Vcam and Icam), and inducible Nos2, leading to increases in NO and oxidative stress, and then occurs organ injury. [14] [15] [16] 25) The abundance of NO acts further to activate NF-B and the propagation of inflammation, initiating a forward loop. It is at this point that supplementation with potent antioxidative agents is considered to be valuable in inhibiting this cycle. Liver gene expression in the FBE-supplemented rats indicates inhibition of NF-B activation, as marked by substantial transcriptional suppression of inflammatory target genes as compared to the non-supplemented group (Fig. 3) . The antioxidative nature of FBE may suppress oxidative stress derived from NO generated by LPS and further activation of NF-B. In one study, FBE inhibited oxidative stress induced by chronic alcohol consumption. 18) A study conducted by Hole et al. 2) found that extracts from grains, including the Swedish barley Olve, effectively inhibited LPS-induced NF-B activation. The report discussed its potency as a modulator of signal transduction molecules in NF-B activation. In our experiment, the anti-inflammatory effect of FBE might not have influenced these molecules (Myd88, Irak1, Traf6, and Tak1), because the expression of these genes was not altered by FBE supplementation (data not shown). We observed significantly enhanced mRNA expression of antioxidative enzymes and higher activities of them in the FBE-supplemented group (Fig. 4) . These data correspond with our previous experiment. 18) Thus FBE shows potent enhancement of the expression of these antioxidative enzymes in addition to its intrinsic antioxidative activity. Upregulation of these enzymes can eliminate ROS generated by LPS treatment and inhibit further activation of NF-B in the ROS-NFB forward loop. The mechanism involved in the enhancement of these antioxidative enzymes by FBE may be due to activation of Nrf2, 26) but further investigation is required.
Additionally, an anti-inflammatory effect of barley 22) and other fermented grain products was reported in a colorectal inflammatory mouse model, 19) and FBE was reported to inhibit inflammatory cytokines in PiClchallenged NC/Nga mice, simulating atopic dermatitis. 27, 28) In these studies, barley and fermented grain products suppressed inflammation via pathways different from NF-B inhibition, such as interferon-and IL-4 signaling. We did not measure the concentrations of IL-4, IgE or the activation of naive T cells. Thus some of the anti-inflammatory effect of FBE shown in this study may be mediated by its involvement in pathways other than NF-B activation.
In this study, we showed that FBE was able to suppress LPS-induced inflammation and liver damage in rats significantly. FBE maintained a significantly lower NO concentration after the concentration increased excessively due to LPS challenge, demonstrating one important key in preventing further inflammatory propagation. This effect was achieved by an increase in liver and plasma antioxidative enzyme activities as a result of FBE supplementation. Further investigation is required to determine specifically which component of FBE has highest activity, and whether this particular component activates the transcription of antioxidative genes. 
